In higher plants and, green algae, the light-harvesting Chlprotein complex contains as many as 6 polypeptides plus both Chl a and b (8) . Polypeptides of LHCP2 are synthesized as precursors on cytoplasmic ribosomes from nuclear encoded mRNA (29) . These precursor polypeptides are translocated across the chloroplast envelope, the transit sequences cleaved, and the mature polypeptides assembled into LHCP in the thylakoid membrane (28) . In contrast, several polypeptide components of the light-harvesting phycobilisomes of red algae are synthesized on 70S chloroplast ribosomes (9) and encoded by the plastid genome (19, 20) .
Other algae possess light-harvesting complexes rich in photosynthetically active carotenoids. Only a few of these complexes have been isolated, including a peridinin-Chl a complex from dinoflagellates (14, 25, 26) , a fucoxanthin-Chl a/c complex from brown algae (1) , and a fucoxanthin-Chl a/c complex from a diatom ( 11) . Some of these organisms have very large antennae of light-harvesting pigment-protein complexes, with a Chl:P700 ratio as high as 1300 (10, 24) . Furthermore, Chl c-containing organisms display a plastid structure and thylakoid arrangement different from that ofgreen algae and higher plants. In the latter, the photosynthetic membranes are separated into stromal lamellae and granal stacks. This distinction does not occur in the plastids of Chl c-containing algae. Higher plant, green and red algal plastids are bounded by a double membrane, while many Chl c-containing algae have an additional membrane, the chloroplast ER, which is continuous with the outer nuclear envelope (30) . The effects of these structural differences on the organization ofthe photosynthetic apparatus and the biosynthesis ofthese complexes are unknown.
The fucoxanthin-Chl a/c-protein complex is the major lightharvesting complex of diatoms (1 1) . We have isolated this complex from the diatom Phaeodactylum tricornutum and describe here some of the events involved in its biosynthesis.
MATERIALS AND METHODS
Growth Conditions. Phaeodactylum tricornutum Bohlin (University of Texas Culture Collection of Algae, strain 646) was grown at 20°C with continuous illumination of 200 uE m 2 s-'. Cultures were bubbled with air in ESAW artificial seawater medium (13) enriched with 10 times the normal levels of nitrate (NaNO3) and phosphate (K2HPO4) and buffered at pH 7.7 with 10 mm Tris-HCl. Vitamins and silicate were omitted from the medium.
Isolation of the Light-Harvesting Complex. Harvesting of the cells and all subsequent steps were performed at 0 to 4°C. All buffers contained the protease inhibitors benzamidine-HCl (5 mM) and c-amino-n-caproic acid (1 mM). Cells from two 10 L cultures (density approximately 2 x 106 cells ml-') were harvested by centrifugation at 6,000g for 10 min, washed with 300 mm sucrose containing 125 mm K-phosphate (pH 7.2) and 10 mM KCI, resuspended in the same buffer, and passed through a chilled French pressure cell at 6,250 p.s.i. The lysed cell suspension was diluted 4-fold with 50 mM Tricine-KOH (pH 7.5) (buffer A) and NaCl was added to 100 mm final concentration. The membranes were pelleted by centrifugation at 40,000g for 20 min and the lightly pigmented supernatant was discarded. The pellet was washed once with 40 ml of2 mM EDTA, 10 mM NaCl, 50 mM Tricine-KOH (pH 7.5), and the final membranous pellet resuspended with a ground glass homogenizer in buffer A to 300 Mg ml-' Chl a + c prior to solubilization with 0.4% (w/v) TDOC. Incubation with the detergent was for 30 Photochemical Assays and Spectral Analyses. Chl concentrations were determined by using the equations of Jeffrey and Humphrey (17) . PSI activity was measured by the light-induced change in A at 699 nm due to P700 photooxidation (16) and PSII electron transport was measured by monitoring the reduction of 2,6-dichlorophenol indophenol using 1,5-diphenylcarbohydrazine as an electron donor (27) . A Cary model 17 spectrophotometer was used to measure absorption spectra at near liquid N2 temperature and a Perkin-Elmer 652 fluorescence spectrophotometer was used for fluorescence spectroscopy at 77 K as previously described (2) . For fluorescence emission spectra, the emission slit width was 2 nm and the excitation slit width 8 nm. For fluorescence excitation spectra, the excitation slit width was 2 nm and the emission slit width 8 nm.
Polyacrylamide Gel Electrophoresis. The polypeptide composition of membrane fractions was determined by gel electrophoresis using the Laemmli buffer system (18) and linear gradients of 12 to 18% (w/v) acrylamide containing 8M urea. Samples to be analyzed by crossed immunoelectrophoresis and double immunodiffusion were resolved on 7.5 to 15% polyacrylamide gradient gels (6) Antibody Preparation and Characterization. Antibodies were prepared against a mixture of the 19,000 and 19,500 D polypeptides associated with the fucoxanthin-Chl a/c-protein complex of P. tricornutum. These polypeptides were isolated by preparative electrophoresis (7.5-15% polyacrylamide gels) of both thylakoid membranes recovered from sucrose gradients following TDOC extraction of cellular membranes, and the isolated lightharvesting complex (see above). Polypeptide bands were excised from the gels, electroeluted, combined with Freund's adjuvant, and injected into rabbits following an immunization schedule described by Chua and Blomberg (6) . Immunoglobulin G (IgG) was purified from serum by (NH4)2SO4 precipitation followed by DEAE-Sephadex G-50 chromatography (6) . Crossed immunoelectrophoresis (6) and double immunodiffusion assays (23) were used to show that the antibodies were specific for the three polypeptide constituents of the light-harvesting complex. Immunoprecipitations from primary translation products were performed according to the procedure of Schmidt etal. (29) , except that protein A-Sepharose was used to precipitate the antibody instead of formalin fixed cells of Staphylococcus aureus.
RESULTS
The characteristics of the brown pigmented fraction generated on sucrose gradients following Triton X-100 treatment of P. tricornutum membranes indicate that it is a FCPC involved in light-harvesting. No attempt was made to distinguish between Chl c, and c2. The low temperature absorption spectrum, presented in Figure   1 (dotted line), shows that Chl c and fucoxanthin are present in the complex as demonstrated by A at 470 and 510 to 540 nm, respectively. The Chla:c ratio of thylakoid membranes from P. tricornutum is about 7:1, while that of the isolated light-harvesting complex is about 3:1. In contrast, the green band isolated on the same sucrose gradients shows less prominant A at 470 and 510 to 540 nm (Fig. 1, solid line) , although some is still present.
Fluorescence emission of the complex is maximum at 685 nm when excitation is at 438 nm (Fig. 2, broken complex displays none of the long wavelength fluorescence emission observed in whole cell fluorescence emission (Fig. 2, solid  line) , which has been associated with reaction centers in diatoms and brown algae (3, 4) . The long wavelength fluorescence is, however, retained in the green band resolved on sucrose gradients after Triton X-100 treatment (Fig. 2, dotted line) , which is enriched in both PSI (P700) and PSII activity by 2-to 3-fold on a Chl basis (compared to EDTA washed membranes). In contrast, the FCPC fraction possesses no photochemical activity. The green fraction from sucrose gradients after Triton X-100 treatment of thylakoids also displays considerable long wavelength absorbance (Fig. 1, solid line) , which is also generally associated with reaction center Chl species (27) . The green fraction resolved after Triton X-100 treatment appears to retain some of the lightharvesting complex as evidenced by the double absorbance maxima in the red region ofthe absorption spectrum and the presence of some absorbance attributable to fucoxanthin and Chl c (Fig.  1, solid line) .
Finally, fluorescence excitation spectra (emission: 685 nm) demonstrated the transfer of energy within FCPC from both Chl c and fucoxanthin to Chl a, with excitation ( Fig. 3, dotted line) closely following absorbance (Fig. 3, solid line) (Fig. 3, broken line) , with a concurrent appearance of Chl c fluorescence emission at about 640 nm (data not shown).
Denaturing PAGE of the thylakoid fraction from sucrose gradients after TDOC extraction of total cellular membranes resolves approximately 25 polypeptides (Fig. 4, lane 3) . However, only three polypeptides of mol wt 18,000, 19,000, and 19,500 are present in FCPC (Fig. 4, lane 2) . These three polypeptides are depleted from the green band resolved on sucrose gradients after Triton X-100 treatment of thylakoids (Fig. 4, lane 1 (Fig. 7, lane 2) . Chloramphenicol, an inhibitor oftranslation on 70S ribosomes, inhibits the synthesis of most thylakoid polypeptides; however, the FCPC polypeptides continue to be synthesized (Fig. 7, lane 4) to 15% NaDodSO4 polyacrylamide gels and individual polypeptides were electroeluted from the gels. Isolated polypeptides were placed in the outer wells as indicated, and antibodies raised to a mixture of the 19,000 and 19,500 D polypeptides from FCPC of P. tricornutum were placed in the center well. Diffusion proceeded for 24 h at room temperature in an agarose gel. The agarose was washed extensively with 0.15 M NaCl and then with distilled H20 prior to staining with Coomassie brilliant blue R-250. (Fig. 7, lane 3) . The presence of both inhibitors prevents the synthesis of essentially all thylakoid polypeptides (Fig. 7, lane 5) . Synthesis of FCPC polypeptides in the presence ofchloramphenicol but not in the presence of cycloheximide indicates that these polypeptides are synthesized on cytoplasmic ribosomes.
In vitro translation of poly(A) RNA isolated from P. tricornutum generated translation products ranging in mol wt from over 100,000 to approximately 5,000 (Fig. 8, lane 2) . No major products were synthesized with mol wt similar to the FCPC polypeptides, and almost no polypeptide synthesis was observed in RNA-minus controls (Fig. 8, lane 5) . Two polypeptides were immunoprecipitated from the translation mixture with antibodies raised to the 19,000 and 19,500 D polypeptides of FCPC. These polypeptides had mol wt of 22,500 and 23,000 (Fig. 8,  lane 3) , between 3,000 and 5,000 larger than the mature FCPC polypeptides (Fig. 8, lane 1) . No translation products were precipitated by preimmune serum (Fig. 8, lane 4) . DISCUSSION The FCPC isolated by the procedure presented here is similar in many respects to the complex described by Friedman and Alberte ( 11) from P. tricornutum. However, our characterizations do reveal additional information as well as some differences. While an absorption spectrum of the complex isolated by our procedure is in close agreement with a spectrum previously reported (1 1), the low temperature (77 K) fluorescence emission spectrum of FCPC displays a maximum at 685 nm. This can be compared to the 675 nm maximum reported at room temperature (1 1), which looks similar to emission spectra of whole cell ' 31, 000 ' (28, 29) , while in red algae, the light-harvesting phycobiliproteins are synthesized on chloroplast ribosomes (9) and encoded by the plastid DNA (19, 20) . Our Generally, nuclear encoded chloroplast proteins are synthesized in the cytoplasm of the cell as precursors (7, 12, 15) . Polypeptides of the light-harvesting complex of green algae and higher plants are translated from poly(A) RNA as precursors 4,000 to 5,000 D larger than the mature polypeptides (29) . These preproteins pass through the chloroplast envelope and the presequence (transit sequence) is removed. The transit sequence may be important for the transport of cytoplasmically synthesized polypeptides into the chloroplast, but may also serve other functions (i.e. targeting the protein following transport into the organelle). In at least some cases two proteolytic events may be involved in the maturation oftransported polypeptides (22) . The polypeptides of the diatom FCPC are also synthesized in the cytoplasm as precursors larger than the mature polypeptides. The additional sequences present on these precursors probably are analogous to those of the presequences of light-harvesting complex polypeptides of green plants and function in the transport of these species across the chloroplast envelope. However, in diatoms an additional barrier to the translocation of these polypeptides from the cytoplasm to the thylakoid membranes may exist. A chloroplast ER is present, in addition to the double membrane ofthe chloroplast envelope. The role ofa presequence in the passage of these polypeptides into the chloroplast, and the nature of the barrier presented by the chloroplast ER, remain to be analyzed.
